Most previous studies which have assessed the depth of anaesthesia using the Bispectral Index (BIS) have used multiagent anaesthetics with relatively slow induction and recovery times. Elevation of electroencephalographic (EEG) Beta/Alpha Ratio has been linked to onset of midazolam amnesia. Propofol anaesthesia for cardioversion in 19 patients enabled us to profile the changes in BIS and Beta/Alpha Ratio during a short, single-agent anaesthetic with a relatively rapid induction and recovery period. BIS values did not alter significantly through onset of amnesia and hypnosis as compared with awake values. Cardioversion occurred over a wide range of BIS values (38 to 94), with recovery at a median BIS value of 79. We observed the BIS to lag about 60s behind the clinical situation (termed BIS 60 ). The BIS 60 more closely tracked the clinical level of consciousness, showing statistically significant differences from the uncorrected BIS. (amnesia (median BIS 60 =82, P=0.02), hypnosis (median BIS 60 =67, P=0.01), eye opening (median BIS 60 =90, P=0.001) ). An early EEG Beta/Alpha Ratio peak occurred at a mean of 4.6s (SD=16.6) after clinical amnesia onset and a late peak at a mean 58s (SD=144) after eye opening. There was no significant EEG response to cardioversion. We conclude that: (1) in rapidly changing conditions, the value of the BIS most accurately reflects the level of consciousness of the patient about 60s in the past, and (2) the onset and offset of propofol-induced amnesia commonly corresponds to a peak in Beta/Alpha Ratio of the EEG.
A major concern to anaesthetists is the possibility of intraoperative recall in patients due to inadequate depth of anaesthesia. It is estimated that three in one thousand patients have clinically inadequate anaesthesia as evidenced by some degree of recall 1, 2 . Conversely, excessive depth of anaesthesia can result in significant cardiovascular and respiratory depression and prolonged recovery times 1, 2 . Clinical assessment of anaesthetic depth can be unreliable. In a survey of 26 patients who responded to inquiries about awareness under total intravenous anaesthesia, only nine had informed their anaesthetist afterwards and on review of the anaesthetic-records only four had shown clinical signs of awareness 3 . Light levels of anaesthesia appear sufficient to abolish both explicit and implicit memory as well as learning 1, 4 . Derived electroencephalographic (EEG) parameters have been used to provide an objective estimate of anaesthetic depth. Of these the BIS appears to show the most promise as a practical indicator of slowlychanging level of consciousness. Its usefulness as indicator of the exact transition between the loss and regaining of consciousness seems less clear however [5] [6] [7] [8] [9] . The BIS values at which individual patients have been reported to lose consciousness range from 59 to 94. Nevertheless, adequate depth of anaesthesia, as indicated by the BIS, has proved effective in preventing intraoperative recall 1,6,10-12 . In part this may be due to the amnesic effects of anaesthetic drugs. EEG studies using midazolam have identified that a rise in the spectral power in the Beta band (14 to 30 Hz) and a concomitant decrease in the power in the Alpha band (8 to 13 H) correlates with the onset of amnesia. This parameter is called the Beta/Alpha Ratio 13 .
Our aim was to evaluate the changes in the BIS and Beta/Alpha Ratio during propofol anaesthesia for cardioversion, and to relate these profiles to clinical hypnosis and to the clinical amnesic period. Also examined was the effect of the cardioversion shock on the BIS.
METHODS
The study was approved by the Waikato Hospital Ethics Committee. Informed consent was obtained from 19 consecutive eligible patients undergoing elective cardioversion. Patients were ASA 2 or 3, ranging in age from 39 to 80 years (mean age 63.4 years) of which 10 were male. Patients medicated with potentially EEG-modifying medications such as anticonvulsants, benzodiazepine tranquilizers, or premedication, were excluded from the study. Most patients were admitted and discharged on the day of their cardioversion, and were required to be fasted for six hours prior to their procedure. Intravenous access was established with a 20 gauge cannula sited in the dorsum of the hand. Routine monitoring consisted of ECG, non-invasive blood pressure, and pulse-oximetry. To reduce impedance, skin was cleaned with an abrasive cleaning fluid (Omniprep, DO Weaver, Aurora, CO, U.S.A.), and low impedance electrode paste (Grass EC2 electrode cream, Astro-Med Inc, Warwick, RI, U.S.A.) was placed under adhesive silver-silver chloride electrodes (Meditrace 200, Graphic Controls Corp, Buffalo, NY, U.S.A.). The EEG was monitored using a single channel bipolar bifrontal montage format (channels Fp1-Fp2, positioned according to the international 10/20 nomenclature). A second bipolar channel monitored the left submental EMG signal for the purpose of elimination of background EMG artifact. The ground electrode was placed at the mid-forehead (Fz) position.
An Aspect A-1000 EEG monitor (Aspect Medical Systems, Natick, MA, U.S.A.) was used to collect the EEG/EMG data. The processed BIS output was recorded at 5s intervals on a laptop computer while the raw EEG data was downloaded onto a second computer for later analysis of the EEG Beta/Alpha Ratio. Electrode impedance was less than 5000 ohms, and the low and high frequency filters were set at 0.5 and 70 Hz with the mains notch filter set at 50 Hz.
Patients lay in the right lateral recovery position, receiving oxygen through a Hudson mask. Propofol was administered by an independent anaesthetist, who was blinded to the BIS monitor. Prior to induction patients were asked to close the eyes and not to speak. Simultaneously, propofol administration and an audiotape were started. The audiotape was of ascending one-second counts interspersed every 10 seconds with the command "move your thumb". The anaesthetist administered the anaesthetic according to the clinical state of the patient; and the amount of propofol as well as its rate of administration was noted. Time of loss of consciousness was taken as the time of failure to respond to the audiotape commands. The timing of cardioversion was noted and the regaining of consciousness was taken as the time of eye-opening. In the event of multiple cardioversion shocks being necessary, requiring additional propofol, only the initial propofol dose and timing of the initial shock were analysed.
As soon as patients were responding appropriately (approximately three minutes after eye opening) they were given four, dissimilar, named objects to memorize. One hour later the patients were asked the last number they could recall from the audiotape at induction, whether they had any recollections of the cardioversion shock, and to recall the four items that they had memorized on awakening. Time of onset of amnesia was taken as the last number recalled on the audiotape, and object recall was used to confirm offset of amnesia. The raw EEG data was processed using purpose written computer programs (Matlab 5.3, The Mathworks Inc, Natick, MA, U.S.A.) to extract the Beta/Alpha Ratio. The Beta/Alpha Ratio was calculated according to Veselis et al 13 .
BIS levels were noted at the following times: (a) start, (b) clinical amnesic point (the last number recalled during induction), (c) point of loss of consciousness (hypnosis point), (d) cardioversion and (e) time of regaining of consciousness. It was empirically observed that the BIS lagged approximately 60s behind the clinical state of the patient, so an additional set of BIS data that lagged 60s after all events was included in the analysis (termed the BIS 60 ). The Beta/Alpha Ratio was monitored throughout the procedures. The time of clinical onset of amnesia was compared to the timing of the early rise in Beta/Alpha Ratio.
Unless otherwise stated, all values are quoted as median (25th, 75th centile), or mean (SD). The differences in EEG indices taken at the various timepoints were compared statistically using the paired Student's t-test with the Bonferroni correction for multiple comparisons. To quantify the electroencephalographic arousal response to the cardioversion shock, EEG data 30s after the shock was compared with that just before the shock.
RESULTS
All procedures were uneventful from an anaesthetic perspective. Twelve of the 19 patients required multiple cardioversion shocks, and hence repeated doses of propofol.
A typical BIS profile is shown in Figure. 1: initially in the nineties (the awake state), it declines slowly through the points of amnesia and hypnosis and then drops steeply, usually to levels in the forties. There is then a gradual rise to the seventies whereupon the patients usually opened their eyes. The BIS then rose steeply back into the nineties.
The combined data is shown in Figure 2a . When the BIS values were compared statistically, there was insignificant decrease from the awake state compared to the amnesic point (P=0.56), and the hypnosis point (P=0.05, not significant with Bonferroni correction). There was a wide range of BIS values at the point of initial cardioversion (38 to 94) and no significant change in EEG parameters 30s later (P=0.87). Half the patients were cardioverted with BIS value over 70. Fourteen patients were cardioverted prior to minimum BIS, (seven patients by over two minutes). The BIS at the point of re-awakening was significantly lower than the BIS at loss of consciousness (P=0.00003). Over the next 60s however the BIS increased back to pre-induction levels.
During periods of rapidly changing level of consciousness the BIS appeared to lag almost exactly 60s behind the clinical picture, as shown in Figure 1 . When comparing the BIS 60 values with the BIS values at the corresponding uncorrected times, the BIS decreased significantly BIS=97 (97, 98) vs BIS 60 =82 (72, 94) at the "corrected" amnesic point (P=0.02) and uncorrected BIS=96 (93, 97) vs BIS 60 =67 (57, 81) at "corrected" hypnosis point (P=0.01). The median "corrected" eye-opening BIS 60 =90 (85, 95) value differed significantly from the corresponding uncorrected value BIS=79 (73, 84), P=0.001). In contrast, at the time of cardioversion, the BIS, 68 (47, 80) did not differ significantly from the BIS 60 , 70 (53, 77). Presumably this is because the cardioversion is only attempted when it is perceived that the patient's level of consciousness has achieved a relatively steady state, as estimated by clinical intuition.
The combined BIS60 data is shown in Figure 2b . It can be seen that, although there are still wide ranges of values at each point, there are progressive decreases in the BIS 60 that are consistent with diminished levels of consciousness at the various stages of anaesthesia.
A typical example of the changes in the Beta/Alpha Ratio is shown in Figure 3 . We observed that, on induction, the ratio rose steeply through the point of amnesia. Following loss of consciousness, the Beta/ Alpha Ratio decreased to uniformly low levels only to rise steeply again immediately after eye-opening at the end of the anaesthetic.
The group's Beta/Alpha Ratio data is represented in Figure 4 . During induction of anaesthesia the Beta/Alpha Ratio peak occurred just after the onset of clinical amnesia 4.6s (16.6 Beta/Alpha Ratio peak occurred about a minute after eye opening 58s (144). The BIS values at the time of the induction Beta/Alpha Ratio peak were 97 (3), and at the time of the recovery Beta/Alpha Ratio peak were 94 (5). These were not significantly different from the starting BIS values. It is likely that this is because the BIS has been weighted to separate the conscious and unconscious states rather than the fully awake and the amnesic states.
The offset of amnesia was tested clinically by the patients' ability to recall the four dissimilar named objects. While five patients were unable to recall any objects, the majority could recall at least three of the four objects. In all cases the objects were presented to the patients after the recovery Beta/Alpha Ratio peak. None of the patients had any recollection of the cardioversion shock, despite some of the shocks appearing to be given at BIS levels approaching awake values (>70). One patient had a BIS=94 at the time of cardioversion.
DISCUSSION
Different anaesthetic agents induce different changes in the EEG, and EEG changes do not occur in a linear fashion with change in anaesthetic depth. To obtain the BIS, the EEG signal firstly has artefacts removed, and then three sub-components calculated: (a) The Beta Ratio (a measure of the relative loss of gamma frequency-band spectral power), (b) The SynchFastSlow (a measure of changes in the relative power in the bispectrum), and (c) QUAZI (a measure of EEG burst suppression). These sub-components were then combined, via a proprietary statistical algorithm, using weightings derived from information from a sedation index data bank (containing over 1000 hours of EEG segments assigned to seven seda- •=Outliers A -Awake B -Amnesic onset C -Loss of consciousness D-Cardioversion E -Cardioversion+30s F -Eye-opening tion levels). The final result is a number between 0 to 100 which reflects a linear scale between the two extremes of sedation 14, 15 .
BIS correlates with clinical methods of sedation scoring such as the Observer Assessment of Alertness and Sedation scale, but avoids the requirement to stimulate the patient (upsetting to patient and surgeon alike) and achieves an excellent prediction probability (PK>0.93) in discriminating between the conscious and unconscious states 2,11,14-17 . Investigators have shown a better correlation between BIS, level of anaesthesia and blood propofol levels than with any other derived spontaneous EEG parameters 2, 6, 9, 18 . This close correlation is lost, to some degree, with the addition of opioids 19 . Titration with propofol to target BIS levels has been reported to result in a reduced incidence of movement, haemodynamic responses, recall and learning 6, 7, 10, 20 . In most articles the patients received a combination of isoflurane, nitrous oxide and opioids, resulting in a slow, smooth induction and awakening, allowing a reasonable correlation with the BIS despite its lag behind real time 2, 6, 7, 9, 18 . In contrast, our study used a singleagent anaesthetic of short duration (usually 10 to 12 minutes) with a relatively rapid transit through the induction and awakening stages. While the BIS showed a variability that corresponded to the level of consciousness, we found it to lag about one minute behind the clinical picture-i.e. the BIS informed us what the EEG state of the patient was one minute ago. After correcting for this delay we found a much stronger correlation between the BIS profile and the clinical picture. Thus the usefulness of the BIS as a means of rapidly titrating anaesthetic depth is severely limited by this time lag. Earlier authors have reported the BIS to lag 30s behind the clinical scenario, but our observation of a lag of 60s is similar to that described by Rampil 2, 14 . The bispectral parameter requires averaging of several epochs, and the displayed figure represents the average value of up to 60s of previous useable data. Our median BIS 60 figures were 82 for amnesia onset and BIS 60 =67 for loss of consciousness. These agree well with other published data (during experiments with a slowly changing level of consciousness), which suggest that no conscious recall occurs below a BIS of 79, and response to stimulation is unlikely below 65-and likely above 70 12, 17 . Our finding of a lack of significant BIS response following cardioversion does not agree with other work which has shown a response to noxious stimuli to be present at all levels of sedation 21 . Bloom et al found that the response was greatest at light levels of sedation 22 . Other workers have found that addition of an opioid obtunds this response, fitting in with the theory that propofol provides hypnosis while opioids supply analgesia 12 . Recent work however has shown propofol to be analgesic at a spinal level, interrupting nociceptive transmission at blood levels seen during routine anaesthesia 23, 24 . Such an analgesic effect could explain the lack of significant response of BIS observed by us to the cardioversion shock.
The elevations of Beta/Alpha Ratio showed a close correlation to onset and offset of amnesia. Although five patients were unable to recall any objects on recovery, the majority could recall at least three objects. This implies that the offset of amnesia due to propofol occurs in this period (two to five minutes) after awakening.
Conversely the BIS values at which people became amnesic were almost identical to the starting values. From this we may conclude that: (a) almost any significant decrease in BIS usually indicates that the amnesic point has been passed, and (b) a separate EEG index is required to specifically detect the presence of amnesia. The possibility exists that monitoring of the Beta/Alpha Ratio might provide a reliable indicator of presence of amnesia. The work by Veselis et al 13 had shown that the Beta/Alpha Ratio rose with the onset of midazolam-induced amnesia and declined slowly following termination of the infusion. These patients were still partially amnesic at 30 minutes with full memory back by 90 minutes. The slow offset of amnesia with midazolam would make it difficult to detect a distinct marker of amnesia offset. In addition they measured alpha wave changes over the occipital area (area of greatest alpha activity) and beta wave changes over the frontal areas (area of maximal beta activity). Their results showed an elevated ratio for the duration of the amnesic period. We monitored the EEG changes over the frontal areas bilaterally and detected ratio elevations only at the limits of the amnesic period. This difference could reflect the different electrode placement or a different EEG response to propofol as compared to midazolam. In addition, a rapid transit through amnesia onset and offset, as seen with propofol, would make an EEG marker easier to detect.
Anaesthesia for cardioversion is a unique opportunity to observe the changes in BIS and Beta/Alpha Ratios during a short single agent anaesthetic. The BIS correlated well with the level of anaesthesia, the main drawback being its 60s lag behind clinical events during periods of rapidly changing level of consciousness. This limits its value as a monitor for very short anaesthetics (such as cardioversions), being unable to accurately predict loss of consciousness and awakening. We found no significant EEG arousal response to cardioversion as shown by BIS or Beta/Alpha Ratio response. The majority of patients received cardioversion before achieving minimum BIS levels. Elevations in the Beta/Alpha Ratio appear to closely correlate with the limits of the amnesic period. This has potential as a clinical monitor of amnesia and deserves further research.
